A general "sound boundary" curve was developed which establishes the combinations of minimum flow Reynolds numbers and percent stenosis required for the onset of vascular murmurs. The curve was derived by a combination of engineering analysis and animal experiments in which thin circular orifice plates were implanted in the descending aortas of anesthetized dogs. The results indicate that the sounds are produced by jet instability and the associated "free turbulence" in the flow. Such turbulence may occur at Reynolds numbers far below that for transition in a straight pipe, depending upon the degree of stenosis. However, below this critical Reynolds number for any given degree of stenosis, a murmur would not be detected even with perfect hearing or an ideal microphone, since the flow remains steady and the jet (if any) is laminar and silent. In pulsating flow, sounds can be produced only when this critical Reynolds number is exceeded.
• Since much of clinical diagnosis depends on the correct interpretation of vascular sounds, it seems important that we understand the mechanisms by which sounds can be produced in blood vessels. Consequently, a number of research papers have been and are still being devoted to the genesis of vascular murmurs. Evidently, all agree that the sounds are associated with fluid mechanical events brought on by alterations either in the blood viscosity or in the geometry of the vessel lumen, but there is considerable disagreement as to the detailed fluid mechanics of sound production in the living system.
Many authors simply state categorically that vascular murmurs are produced by "turbulence" without either defining the term or producing evidence to support such a statement. On the other hand, Bruns (1) presented a rather convincing argument, later bolstered by the experiments of Fruehan (2) , that the source of vascular murmurs is generally Received April 12, 1971 . Accepted for publication July 6, 1971. periodic vortex shedding produced at the site of the obstruction in the form of vortex rings. However, in comparing vortex shedding with turbulence, Bruns considered turbulence in the classical sense as produced in a straight pipe at a Reynolds number of about 2000. In the case of an orifice, as shown earlier by Johansen (3) , vortex shedding quickly gives way to instabilities of the jet which then becomes turbulent at very low Reynolds numbers. It was long ago pointed out by Kurzweg (4) that there is, in fact, no stable arrangement of ring vortices in a straight circular pipe. Thus we may expect that periodic vortex shedding will actually occur immediately distal to a circular plate orifice but will quickly degenerate into a fully turbulent jet, even at low Reynolds numbers. In this connection, Rushmer and Morgan (5) pointed out that most vascular murmurs are not musical tones but have a very broad spectrum, and they concluded that one cannot therefore benefit from spectral analysis of the sounds. More recently, however, Lees and Dewey (6) have shown that, even if the flow is turbulent, the sounds do in fact have a characteristic spectral distribution from which useful information can be obtained regarding the obstruction, From a clinical viewpoint, perhaps the most important question is not what we call the phenomenon but rather what conditions of flow and geometry are required for the production of vascular murmurs^ The present study is aimed at answering this question through a combination of animal experiments and engineering analysis.
Rationale
In any physical problem, the number of fundamental variables required to describe the phenomenon can be reduced to a minimum by arranging the variables in dimensionless groups in accordance with dimensional analysis (7) . Thus, if one wishes to determine, for example, the fluid drag of a cylinder in a uniform flow, it is not necessary to test cylinders of all sizes at all speeds in all fluids. Instead, we observe that the drag, D, is a function of four variables-the fluid density, p; velocity, V; and viscosity, fi; and the cylinder diameter, d. That is,
(1) We further observe (and there are explicit mathematical techniques for deriving thissee, e.g., ref. 7) that there are only two fundamental, or dimensionless, variables in the problem. That is, Eq. 1 can be expressed in the alternative form
in which D/)£pV 2 is referred to as the drag coefficient and pVd//j. is referred to as the Reynolds number. Hence, instead of stating that the drag is a function of four variables, we can now make the equivalent statement that the drag coefficient is a function of only one variable. The purpose in using this equivalent statement (Eq. 2) is that we need then run only one experiment to determine a single, unique curve for all cylinders. It is, in fact, this point which makes the wind tunnel a practical device for testing small-scale models of aircraft. By following the same principles of dynamic similarity, it is possible to design physiologic experiments in a similar fashion. Such experiments should all yield the same results, provided that no important parameters have been overlooked. The present experiments were designed from this viewpoint, so that a single curve can be established which shows the criteria for the occurrence of vascular murmurs.
For the problem of a Newtonian fluid in steady flow through an orifice in a pipe, we have two independent nondimensional variables; namely, the pipe flow Reynolds number and the ratio of orifice to pipe diameter. For purposes of the present experiments, since the physiologic pulse rate is very low compared with the sound frequency, we shall assume that these variables control the unsteady phenomenon of vascular sound production and attempt to establish regimes in which sounds either are or are not produced by a stenosis in the living system. That is, for a given ratio of orifice to tube diameter, we postulate that sounds arc generated only above a certain flow Reynolds number. The present experiments are designed to determine the "critical" values of these nondimensional parameters and hence establish a universal "boundary" curve which will enable one to predict the onset of vascular murmurs.
Methods

EXPERIMENTAL PROCEDURE
Forty-nine adult mongrel dogs weighing 13.1-29.5 kg were anesthetized with intravenous injections of methohexital sodium (10 mg/kg). They were given a mixture of halothane and oxygen (1.5-2.0% by volume) via a cuffed endotracheal tube, and respiration was controlled by a Harvard pump. Through a left thoracotomy, the descending aorta was exposed and mobilized from the arch to just above the diaphragm by dividing the overlying parietal pleura and ligating and dividing the intercostal vessels. Atraumatic Surgical arrangement and instrumentation used to make simultaneous recordings in dog's aorta with artificial circular orifice stenoses. tourniquets were applied above and below, and the aorta was severed to allow insertion and fixation of a brass cylinder into which machined orifice plates could subsequently be placed (Fig.  1 ). The orifice plate was located at the distal end of the brass cylinder, so that the flexible vascular wall might participate normally in the production of sounds associated with the stenosis. 1 A continuous-wave ultrasonic flowmeter cuff was mounted proximal to the upper tourniquet and brass cylinder, and just distal to the aortic arch ( Fig. 2 ). Through an incision in the left femoral region, a catheter-tip microphone pressure transducer having a frequency response of zero to 10,000 Hz 2 was threaded into the femoral artery up to various locations relative to the orifice in the thoracic aorta. Simultaneous recordings were made on a 7-track Ampex data tape recorder and a CEC recording oscillograph of the ECG, flow rate, and intravascular sounds and pressures, as well as rectal temperature. A typical oscillograph record is shown in Figure 3 . The rectal temperature, which was found to agree with the blood temperature in the left atrium, was used to calculate the kinematic viscosity of the blood to determine the flow Reynolds number. J Early experiments indicated that sound production was inhibited if the orifice was located well inside the brass cylinder Ultrasonic flowmeter calibration for steady and pulsatile flow using whole blood in simulated flow system. After a given orifice was in place, the catheter microphone was first placed to give maximum intensity of the murmur; such a position was found in all cases. Recordings were then made as the surgeon gradually diminished the flow rate by pinching the vessel between his fingers at a position distal to the microphone until the vascular murmur disappeared. This established the minimum Reynolds number at which a murmur could be heard for a given percent of occlusion. The vessel was then gradually released until the murmur reappeared and the flow was fully reestablished. The tourniquets were then applied, the orifice was removed, another orifice inserted, and the procedure repeated.
In measuring the flow rate through a stenosis, we found that significant errors can accrue if the flowmeter is placed at some distance proximal to the constriction, since some of the fluid passing through the flowmeter is stored in expanding the vessel between the flowmeter and the orifice. Then, during diastole, the vessel contracts sending part of the stored fluid through the orifice and part back through the flowmeter. Therefore, we installed a length of Tygon tubing between the flowmeter and the brass insert, which the surgeon fitted to the vessel and secured with nylon slip bands to prevent any radial expansion of the vessel pioximal to the orifice (Fig. 2) . This ensured that all of the fluid passing through the flowmeter did indeed pass through the orifice.
Since these experiments require determination of the instantaneous flow rate, one must use a zero-crossing detector of sufficiently high frequency response to follow rapid variations in flow rate. For this reason, our ultrasonic flowmeter system employed an Anadex P1-408R frequency meter. Each ultrasonic flow cuff was individually calibrated against direct flow measurements in both steady and pulsatile flow, using whole blood in a simulated flow system. One such calibration is shown in Figure 4 .
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Correlation of the time duration T t of vascular murmur with the time T 1 during which the flow exceeds critical How. The latter time T t is determined from the floto recording after measuring the flow at which the murmur disapjiears during downstream occlusion of the vessel.
Early experiments indicated that marked spasm of the aorta occurred during surgical manipulation when using pentobarbital sodium as anesthetic agent. Attempts to control such spasm with topical anesthetics (lidocaine, procaine, papaverine hydrocholoride) were unsuccessful. Later experiments indicated dramatic improvement with die use of gas anesdiesia. Best results were obtained using 1,5 to 2% halothane, which gave the added benefit of reduced heart rates.
Ordinarily, the installation of the brass insert leaves a distance of about 13 mm betweea the severed ends of the aorta, resulting in a relaxation of axial tethering in the vessel. To investigate the importance of this effect, tests were made in which each orifice was tested with the aorta tethered and untethered. The tethered tests were made by pulling the brass insert proximally (thus stretching the distal aorta) until the severed end of the distal aorta Jay at the same location as before surgery. In this manner, the tests were made witli the distal aorta tethered to its normal length.
To ensure that murmur signals were not artificially produced either by the introduction of the catiieter microphone itself into the flow stream or by the application of a flowmeter cuff too snugly fitted to the aorta, sound recordings in each test were made first in the free aorta and then with the flowmeter cuff applied. Only if Orcehtiov Rssedrcb, Vol. XXIX, Stptember 1971 these recordings showed no sounds whatever did we proceed with the insertion of orifices and the taking of data.
DATA REDUCTION
Even for a Newtonian fluid flowing through an orifice in a rigid, cylindrical tube, the definition of Reynolds number is a matter of some importance. In the living animal, the Reynolds number at any given time varies along the artery, owing to variations in vessel diameter, fluid velocity, and fluid viscosity. For purposes of the present experiments, we shall define the Reynolds number as the instantaneous value based on the internal vessel diameter and flow velocity just proximal to the orifice. The blood viscosity is calculated from the non-Newtonian viscous parameters described by Hershey and Smolin (8) , based on the measured hematocrit and the strain rate corresponding to the measured instantaneous flow rate.
The critical value of the Reynolds number (the minimum Reynolds number at which a murmur is detected for a given stenosis) was calculated from the oscillograph record of the flow rate during occlusion by marking the specific beat when the flow was sufficiently reduced to obliterate die murmur (point A, Fig. 3 ). The record was similarly marked when the murmur reappeared as the vessel was released. This yielded two values of critical flow rate, which were then averaged for each orifice. The corresponding Reynolds number was calculated from the flowmeter calibration and the calculated blood viscosity for the measured hematocrit and flow rate. The duration of die murmur on each beat, of course, decreased as the vessel was compressed until the duration approached zero at point A.
Using the critical flow rate for each orifice as determined in this fashion, we could find the time T x during which that flow rate was exceeded on any particular beat and compare that time with time T 3 representing the duration of the corresponding murmur ( Fig. 5) . Such a comparison is shown in Figure 6 , and it can be seen that T x and T 2 are in fact equal within ± 0.051 seconds rms, with a correlation coefficient of 0.93. Thus, it is concluded that sounds are produced only during those times in which the critical Reynolds number is exceeded. That is, the phenomenon is quasi-steady, and one could therefore also determine critical flow rates by measuring the duration of each murmur burst and fitting a horizontal line segment of diat length to the flow rate recording. Combinations of flow Reynolds number and percent stenosis required for the onset of vascular murmurs. Combinations above and to the left of the data points will produce murmurs, whereas those below and to the right will not. The data points are from animal experiments and the solid curve is from analysis of experimental pipe-flow data for the onset of turbulent flow in the jet (see text). Broken line is a least squares parabola fitted to our data, which yields Re^ = 2384 Spectral contour plot of intravascular sounds produced by a 40% stenosis (d/D = 0.6) at five orifice diameters downstream from circular orifice placed in dog's aorta.
Results and Discussion
using values of blood viscosity corresponding to the measured flow rate and hematocrit, we have constructed a limiting "boundary curve" of Reynolds number vs. degree of stenosis from which one can predict the combinations required to produce vascular murmurs in the living system. The results are shown in Figure  7 , which indicates the degree of stenosis required to produce a murmur for a given flow Reynolds number (or vice versa). The data points shown include tests with the artery tethered and untethered, and no systematic effect of tethering was discernible. According to the results shown in Figure 7 , if the peak flow Reynolds number on each beat is 1000, the vessel would have to be at least 30% stenosed (d/D < 0.7) before a murmur is generated. Similarly, for a stenosis of d/D = 0.7, the flow Reynolds number must exceed 1000 before a murmur is generated. For a given flow Reynolds number, of course, there will also be a value of d/D at which the murmur intensity reaches a maximum. That is, the intensity drops to zero if the vessel is either minimally obstructed (i.e., less than critical stenosis) or completely occluded.
From our experience in listening to and analyzing the murmurs produced by many circular plate orifices in various dogs, it is our conclusion that these murmurs have a broad frequency band, with intensity dropping off as frequency increases, and are strongly suggestive of free turbulence or jet instability rather than periodic vortex shedding. A typical spectral contour plot is shown in Figure 8 , which is similar to the frequency spectra found by Lees and Dewey (6) . The suggestion of turbulence at these low Reynolds numbers may be somewhat disturbing to those who think of turbulence in terms of transition in a straight pipe, which is known to occur at Reynolds numbers of the order of 2000. This value of the Reynolds number, however, is the condition for the onset of "wall turbulence," which Bruns (1) has shown to be a very ineffective sound generator in flowing blood. On the other hand, as pointed out by Yellin (9) , "free turbulence," or turbulence in a free jet, is quite an efficient generator. Therefore, Circulation Research, Vol. XXIX, September 1971 we need an estimate for the Reynolds number of transition (or instability) of a free jet produced by an orifice in a straight pipe. Such an estimate can in fact be obtained by making use of the experimental observations of Johansen (3), who studied such flows in some detail. According to Johansen's observations, transition of the free jet occurs at an orifice Reynolds number of about 1000 for a diameter ratio d/D of 0.5 and "increases progressively as d/D increases." Thus, if we assume a linear increase with d/D, we have
where cr means critical value, v is /x/p and V o is velocity at the orifice. Now, if we invoke the continuity equation for a straight pipe, namely Figure 7 and agrees quite well with our measurements of vascular murmurs. Evidently, such sounds are produced only when the free jet becomes turbulent; i.e., when the critical Reynolds number is exceeded.
Although to our knowledge no previous experiments have been run for the express purpose of determining critical Reynolds numbers for the onset of vascular murmurs, there are at least two papers from which such information might be extracted. In 1955, Dawes et al. (10) published qualitative information on the intensity of the murmur in the patent ductus arteriosus of newborn lambs, along with quantitative measurements of the Reynolds number at the constriction. By estimating from their data the smallest and largest ductus size at which they observed a discernible murmur, and by recalculating the Reynolds numbers based on open-vessel parameters, we obtain the data points shown by the squares in Figure 7 . The agreement with our own data is remarkably good, considering the qualitative nature of the observation and the fact that the Reynolds numbers are based on a constant assumed value of blood viscosity.
The second source of such data is the work of Spencer et al. (11) , who studied coarctation of the aorta. These authors performed experiments very much like our own by mechanically constricting the exposed aortas of dogs but did not calculate Reynolds numbers, nor was the flow at the onset of murmurs specifically noted. Unfortunately, our attempts to reconstruct such information after the fact have proved unsuccessful, since the steep slope of the flow curves and the noise level in the sound recordings produce large errors in determinations of the critical flow rates.
The results of this investigation indicate that vascular murmurs associated with stenosis result from jet instability and the associated "free turbulence" in the flow and that such turbulence may occur at extremely low Reynolds numbers for severe stenoses. Below the critical Reynolds number, the jet (if any) is essentially laminar, and the flow is silent. The boundary curve defining the critical Reynolds number for any degree of stenosis has been constructed from the present experiments. It can be seen from Figure 7 that if peak systole produces a Reynolds number of 2000, then any degree of stenosis is capable of producing a murmur. On the other hand, if peak systole produces a Reynolds number of only 500, then a stenosis of less than occlusion cannot produce a murmur. Hence, in listening for vascular murmurs, one should attempt to increase the cardiac output so that the sound threshold is reduced, since a sufficient increase in Reynolds number can produce an audible murmur in a stenosis which is normally silent. In fact, sounds are produced only during that portion of the cardiac cycle in which the critical Reynolds number is exceeded.
